It is widely accepted that the gadfly petrels of the Macaronesian islands comprise three closely related and morphologically similar taxa, Petrodroma madeira from Madeira island, P. deserta (also treated as P. feae deserta) from Bugio and P. feae (also treated as P. feae feae) from Cape Verde Islands. However, the taxonomic rank of each taxon is not well defined, and has been subject to a long debate. Partial sequences of cytochrome b (893 bp) from 39 individuals (five from Madeira, 18 from nearby Bugio, and 16 from Fogo) and morphometric data from five characters from 102 individuals (74 from Bugio and 28 from Fogo in Cape Verde), were used to compare and estimate phylogenetic relationships and the taxonomic status of these petrels. In the phylogenetic analysis and sequence divergence estimation, we also include 23 sequences of 19 Pterodroma species available from GenBank. Our results show that Macaronesian gadfly petrels form a monophyletic clade. Birds from Bugio and Cape Verde are the most closely related taxa followed by those from Madeira. The group formed by the three taxa studied is closely related to Bermuda Petrel P. cahow and Black-capped Petrel P. hasitata. A hypothesis for the colonization of the islands is presented. The level of sequence divergence is sufficient to consider the populations of Bugio and Cape Verde as separate species. Reproductive isolation is supported by exclusive haplotypes and fixed changes. Despite the presence of some significant differences in bill and tarsus measurements, the two species seem to be morphologically similar because the great overlap of variation intervals in the measurements hinders identification. It therefore appears suitable for consideration as a cryptic species. An important conservation implication is that the world population of both species is very small; if treated as a full species, deserta on Bugio may qualify for uplisting to 'Vulnerable' on the IUCN Red List.
Introduction
Petrels of the genus Pterodroma form the largest group of tube-nosed birds, consisting of 29 species with a geographical distribution range covering the Atlantic, Indian and Pacific Oceans (Imber 1985) . Gadfly petrels of the genus Pterodroma are represented in the Northeast Atlantic by three breeding colonies, located on Madeira Island itself, Bugio (one of the nearby Desertas islets) and the Cape Verde Islands. The taxonomy of these petrels has been controversial and subject to discussion (see for example Mathews 1934a , b, Imber 1985 , Zino and Zino 1986 , Zino et al. 2008 , mainly due to their morphological similarities. slightly different ages of emergence, around 4.6 million years for Madeira and 3.6 for Desertas islands (Geldmacher et al. 2000) .
The Cape Verde archipelago is located about 500 km from the West African coast, and about 1,300 km south of the Canary Islands. Fogo is the fourth biggest island of the archipelago with about 476 km 2 (Costa 1998) . According to Mitchell-Thomé (1985) , the island of Santiago, the neighbour island of Fogo, emerged about 10.3 million years ago.
Materials and methods

Sampling and molecular methods
The number and geographic locations of the birds included in this study are given in Appendix 1 (in Supplementary materials) and Figure 1 . Fifty to one hundred ll of blood were obtained from the brachial vein and preserved in 100% ethanol. In the laboratory, the blood was dried on a piece of sterilized filter paper. DNA was then extracted using the extraction kit 'Isolation of Genomic DNA from Dried Blood Spots' (QIAamp DNA Micro Kit, Cat. No. 56304) following the manufacturer's instructions. PCR primers used in amplification of the cyt-b gene were L14987: 5'TATTTCTGCTTGATGAAACT3'; and H16025: 5'CTAGGGCTCCAATGATGGGGA3' (both modified from Gó mez- Díaz et al. 2006 ). An internal primer was designed by us and used for sequencing (Pterodroma_int1For, 5'GAGGACAAATATCATTCTGAG3'). The PCR cycling procedure was as follows: An initial denaturation step: 30s at 94°C; 40 cycles: denaturation for 30 s at 94°C, primer annealing for 30 s at 50°C; extension for 30 s at 72°C; and a final step of 5 min at 72°C. PCR fragments were sequenced in an ABI 310 sequencer (Applied Biosystem DNA Sequencing Apparatus). The primers used for sequencing were the same as those used in the amplification.
DNA sequences were aligned using ClustalW (Thompson et al. 1994) as implemented in MEGA version 4 (Tamura et al. 2007 ) sequence alignment editor and subjected to visual inspection whenever necessary. No ambiguous alignments and no indels were found. Sequences were compared with closely related species to check for possible errors. The alignment is available on request from the corresponding author. Phylogenetic relationships among taxa were estimated from these sequences. To assess genetic distances and haplotypes between the three forms of gadfly petrel from the Macaronesian region, we also included three more samples from Madeira itself and two from the Desertas in the analysis, both retrieved from GenBank (marked with * in Appendix 1 in Supplementary materials). These five samples were not included in the phylogenetic analysis because they had a significant portion of missing data (not overlapping with our sequences).
In total, 39 Pterodroma partial cyt-b sequences from the Macaronesian region were obtained (five from Madeira Island, 18 from Bugio and 16 from Fogo) (see Appendix 1 in Supplementary materials). For phylogenetic analysis, we compared these to 18 partial sequences of cyt-b belonging to other Pterodroma species retrieved from GenBank, which were fully overlapping with our 893 bp sequences. We also included in this analysis partial sequences of cyt-b from two outgroups: one individual of Bulwer's Petrel Bulweria bulwerii (GenBank accession number, AJ004156) and one of Cory's Shearwater Calonectris diomedea (GenBank accession number, AJ004160) (Appendix 1 in Supplementary materials).
Phylogenetic analysis
True evolutionary relationships may be obscured in DNA sequence data sets if sites have become saturated by multiple substitutions (Swofford et al. 1996) . To test for saturation, observed pairwise proportions of transitions and transversions were plotted against sequence divergence and calculated using DAMBE version 4.2.13 (Xia and Xie 2001) .
The data were imported to PAUP* 4.0b10 (Swofford 2002) and MEGA version 3.1 (Kumar et al. 2004) . For the phylogenetic analyses, we used maximum likelihood (ML) and Bayesian analyses. We followed the approach outlined by Huelsenbeck and Crandall (1997) to test 56 alternative models of evolution, employing PAUP* 4.0b10 and Modeltest 3.7 (Posada and Crandall 1998) . Once an evolution model was chosen according to Akaike Information Criterion, following Posada and Buckley (2004) , it was used to estimate a tree using ML criteria (Felsenstein 1985) . A heuristic search with tree bisection reconnection (TBR) and 10 replicates of random addition of taxa was performed to estimate a tree. The relative robustness of each dichotomy was established by bootstrap analysis. Non-parametric bootstrap support for nodes was estimated using the 'fast' option with 100 heuristic bootstrap replicates implemented in PAUP* 4.0b10. The Bayesian analysis was implemented using MrBayes v3.1.2. (Huelsenbeck and Ronquist 2001) , which calculates Bayesian posterior probabilities using a Metropoliscoupled, Markov chain Monte Carlo (MC-MCMC) analysis. Bayesian analyses were conducted with random starting trees, four MCMC chains (one cold, three heated), run to 0.5 3 10 7 generations, and sampled every 100 generations using a General-Time-Reversible model of evolution with a gamma model of among-site rate variation. Additional Bayesian analyses were conducted with random starting trees, four MCMC chains (one cold, three heated), run 1 3 10 7 generations. Similar results were obtained as when only 0.5 3 10 7 generations were considered. In all searches, stationarity of the Markov Chain was determined as the point when sampled negative log likelihood values plotted against the number of generations reached a stable mean equilibrium value; 'burn-in' data sampled from generations preceding this point were discarded. The burn-in value was 2,500. Two independent replicates were conducted and inspected for consistency to check for local optima. Convergence between runs (as measured by effective sample size, ESS) and posterior probabilities of the estimates were determined using the software program Tracer (Rambaut and Drummond 2005) . According to Ho et al. (2005) , the effective population size is influenced not only by the number of samples drawn from the MCMC but also by the degree of autocorrelation among samples. The preliminary analysis revealed that the burn-in was sufficient. This was confirmed by a posterior analysis of the MCMC samples with the program Tracer. All data collected at stationarity were used to estimate posterior nodal probabilities and a summary of phylogeny. These posterior probabilities of each clade were used as support measure.
Morphometric analysis
In total, 102 petrels were examined, 28 from Fogo and 74 from Bugio. Only adult birds were considered for measurements to prevent allometric bias for the comparison of populations. Due to lack of sexual dimorphism in Pterodroma spp., all individuals were considered on a single data matrix. Measurements of captured live individuals were recorded and five morphometric characters were taken for each individual.
Bill measurements (height and two length parameters; Figure 2 ) were recorded to the nearest 0.05 mm using callipers. Wing length and tarsus length were recorded to the nearest mm using a wing rule and a calliper, respectively. The weight was recorded, but was not considered in this study because birds were captured at different times of the year.
For sample comparisons, we used the Student t-test when parametric conditions were satisfied or Mann-Whitney when data did not accomplish parametric conditions. The statistical analyses were performed using the SPSS 12.0 package.
Results
Sequence and phylogenetic data
Plots of observed pairwise divergences of haplotypes for transitions and transversions in the separate codon positions and in all codon positions against total sequence divergence revealed that only the third position showed some saturation in transitions ( Figure 3 ). This was not sufficient to be excluded from the analysis since this is only necessary when ts/tv is approximately 1 (Mindell and Honeycutt 1990), which is not the case here.
Amplified cytochrome b fragments yielded unambiguous sequences of 893 bp in length, with 255 variable sites of which 173 were parsimony informative and 82 were singletons. No insertions or deletions were observed. Low guanine content, lack of alignment problems and the similarity with cyt-b sequences of the same genus or species, suggests that nucleotide sequences represent mitochondrial genes rather than nuclear pseudogenes (Zhang and Hewitt 1996) . The best model for the data was the GTR model (Rodríguez et al. 1990 ) (ÀlnL 5 3842.8), with a discrete approximation to a gamma-distributed rate-heterogeneity model (a 5 6.618), and an estimate of invariable sites (I 5 0.683). A heuristic search incorporating this model found a single tree of -lnL 3837.8. The topology of the best tree derived from ML analysis is very similar to that obtained from Bayesian analysis. The differences found in tree topology between the bootstrap 50% majority-rule consensus ML tree and the tree derived from Bayesian analysis (using a GTR1I1G model), are essentially related to significant differences in the support values, being much higher on the Bayesian tree, and thus creating more politomies on the ML tree. This results in branch order changes and a lower resolution of the tree to separate the various clades. However, the arrangement of the Macaronesian forms and the closest species to this group is very similar in both analyses.
The node that separates Bugio from Fogo (Cape Verde) individuals is better supported in the Bayesian topology (posterior probabilities 5 1.0) than in the ML tree (bootstrap value 5 53). The group formed by individuals from Bugio and Fogo is separated from those from Madeira by a relatively high posterior probability value (0.7). Based on Kimura's 2-parameter distance (Kimura 1980) , the average sequence divergence between populations from Bugio and Fogo is approximately 1.58% (minimum 5 1.5; maximum 5 2.0%) ( Table 1) . Though the average value of sequence divergence is low, it is higher than that between P. macroptera and P. lessonni (1.2%), and near to the value obtained between P. magentae and P. lessonii (1.7 %) (Appendix 2 in Supplementary materials). The average sequence divergence between Madeira and Bugio, and Madeira and Fogo, is around 2.3 and 2.4 respectively, which is similar to, or slightly higher than, the value found between the pairs P. macroptera / P. incerta (2.2%), P. magentae / P. macroptera (2.1%), P. lessonii / P. incerta (2.1%), and higher than value for P. magentae / P. lessonii (1.7%) and P. magentae / P. incerta (1.9 %) (Appendix 2 in Supplementary materials).
Intra-island cyt-b divergences are substantially lower than inter-island divergences. Average sequence divergence varies from 0.05% for Bugio to 0.16% for Madeira, with Fogo showing 0.15% (Appendix 2 in Supplementary materials). An important result is that no haplotypes are shared between the three populations ( Table 2) . Overall, Madeira, Bugio and Fogo constitute a single clade, suggesting a common ancestor (Figures 4, 5 and 6 ).
Morphometric data
From the five morphometric characters studied, four of them showed statistical differences. Birds from Bugio showed bills significantly longer than those from Fogo (t 5 7.14, P , 0.005; for bill length) (t 5 7.76, P , 0.005; for bill nose length) and higher (t 5 11.86, P , 0.005). The tarsus was also significantly longer in the Bugio population than in Fogo (t 5 6.22, P , 0.005; Table 3 ).
Discussion
Patterns of colonization
The analysis of cyt-b sequences produced robust estimates of relationships for the populations of the three islands, particularly for Bugio and Fogo. The results suggest monophyly of the group of Macaronesian gadfly petrels, indicating a single initial colonization event on one island, probably Cape Verde, followed by radiation to the other islands. Despite the low level of support obtained from the ML analysis, the close relationships of the Macaronesian gadfly petrels to P. cahow and P. hasitata are evident in both analyses, as obtained by Zino et al. (2008) .
Considering a molecular clock in other medium-sized procellariforms of about 0.78% divergence per Myr (or 0.9% using the Kimura two-parameter correction) for cyt-b (Nunn and Stanley 1998) , Bugio and Fogo diverged approximately 1.75 million years ago (between the Pliocene and Pleistocene).
According to Bourne (1983) and Zino et al. (2008) the archipelago of Madeira may have been colonised twice by gadfly petrels, one event being responsible for the origin of P. madeira and the other for the origin of P. deserta. P. madeira may have evolved on Madeira when the climate was cooler and wetter during the Pleistocene. Then, as the climate became warmer and drier, P. madeira retreated to higher altitudes of Madeira where the climate was cooler and wetter, whilst Bugio was colonised by petrels migrating from the arid environment of Cape Verde, a picture that is somewhat supported by our data. In fact, our results suggest that petrels from Cape Verde may have colonized Madeira during the Pliocene, followed by their speciation on this island, as suggested by Bourne (1983) and Zino et al. (2008) . In the Pliocene, Madeira was probably hotter and drier than in the Pleistocene since some data seem to indicate the presence of savanna vegetation at the same latitude in Africa (Hernández-Fernández and Vrba 2006). The change from Pliocene to Pleistocene occurred around 1.6-1.8 million years ago (Teixeira et al. 1979) , followed by the beginning of the Ice Age, characterized by a significant reduction in temperature. It was probably during this change that petrels from Cape Verde colonized Bugio, possibly due to the greater similarity of its environment to Cape Verde than to that prevailing in Madeira.
Taxonomic status of Bugio and Fogo gadfly petrels
Here we present the first molecular data comparing Bugio and Fogo gadfly petrels. These two forms should be considered as two distinct species, following the suggestion of Ratcliffe et al. (2000) . The names may correspond to their elevation from subspecies to species. On Bugio, P. deserta should be considered while on Fogo it should be P. feae (the name given by Salvadori in 1899 to Cape Verde petrels). There is no evidence of any close relationship with P. mollis (see for example, Mathews 1934a , b, Bannerman and Bannerman 1965 , 1968 , Imber 1985 . The following paragraphs will explain why we suggest and advocate species status for these two forms.
The genetic diversity within each island is significantly low when compared to genetic diversity among islands. The values for divergence between the two forms are higher than between Greatwinged Petrel P. macroptera and White-headed Petrel P. lessonii, considered as two legitimate species. These values are not abnormal for species divergence as lower levels (near or even less than 1%) are found in other closely related birds (Johnson 2001) , particularly other Pterodroma species (1% between Henderson Petrel P. atrata and Herald Petrel P. heraldica) (Brooke and Rowe 1996) . Also, when compared with other vertebrates, birds have lower levels of genetic divergence between groups of similar taxonomic ranks for a variety of nuclear and mitochondrial markers, a phenomenon known as the Avian Constraint Hypothesis (Stanley and Harrison 1999) .
One of the requisites of the biological species concept is the reproductive isolation of the species (Mayr 1942) . Our data suggest reproductive isolation between Bugio and Fogo islands, since no haplotypes are shared between the two populations. Also, all the birds from Bugio examined in this study were ringed and not captured in the Cape Verde archipelago, despite the limited capture effort made in the latter. About 10% of Bugio birds were recaptured in Bugio (unpublished data). Birds appear to breed on the island on which they were born (philopatry). However, this information is only true for females, because mtDNA reflects female-mediated gene flow only. One hypothetical problem would be the mixture of the two populations during the non-breeding period, and the copulation between males from one population with females from another. However it is almost impossible or at least improbable, because both species are allochronic breeders with two distinct reproductive periods: Cape Verde petrels lay in December and January (breeding period from November to May) Bannerman 1968, Cramp and Simmons 1977) , and Bugio Petrels lay in July and August (breeding period June to December) (Bourne 1957) . In fact, the breeding season allochrony has been shown to be an important Figure 4 . Tree derived from Bayesian analysis of cytochrome b fragment, using a GTR1G1I approximation. Average posterior probabilities are shown near nodes. The posterior probability indicates the probability that the clade is correct under the model. Polytomous nodes indicate that the resolutions of the nodes involved have posterior probabilities less than 0.5. The tree was rooted using Bulweria bulwerii and Calonectris diomedea.
isolating mechanism in seabirds, as seen in the populations of Band-rumped Storm-petrels Oceanodroma castro (Friesen et al. 2007b, Smith and Friesen 2007) . These authors found genetic differences in sympatric seasonal populations, which were considered a case of sympatric speciation. In our study, the two groups are allochronic and the isolation is enhanced by the fact they are allopatric, which even in neighbouring islands can also be an important isolating mechanism, as found with Dark-rumped Petrel P. phaeopygia in the Galápagos (Friesen et al. 2006) . Our two groups are geographically very distant. The study of Friesen et al. (2006) led us to formulate the following questions that must be solved in future: 1) Are the colonies of Cape Verde Fea's Petrel isolated and differentiated? and 2) Are the petrels found in the Azores (presumably P. feae -see Monteiro and Furness 1995) isolated? Interestingly, those authors (Monteiro and Furness, 1998) found not only the same type of speciation due to allochronous breeding season in O. castro, but also found that allopatric breeders with the same season were morphologically similar, and sympatric breeders with a different season were morphologically significantly different, a good example of character displacement. In our case, we have allopatric breeders with a different season. Bearing in mind the conclusions of the latter study, allopatry could well be the reason why the forms from Bugio and Cape Verde are morphologically similar.
No problem exists from the phylogenetic point of view in establishing two different species, because both forms are monophyletic groups and some character discontinuities are observed, indicating no mixture between lineages (see De Queiroz and Donoghue 1990). Figure 5 . Single best tree derived from a ML analysis using the model and the tree search method described in the text. The tree was rooted using Bulweria bulwerii and Calonectris diomedea. Despite significant differences in some morphometric characters, namely those related to bill size and tarsus length, (larger in Bugio), the overlap between intervals of variation is high, which hinders distinguishing individuals from the two species morphologically. We did not find conspicuous significant differences in colouration, although differences were noted by other authors (Bretagnolle 1995 , Hazevoet 1995 , Patteson and Brinkley 2004 . Cape Verde petrels have darker upper tail coverts, moderate to heavy barring in the feathers of the sides near the base of P solandri P axilla P phaeopygia P nigrip P neglecta P inexpectata P externa P hypoleuca P mollis mollis P magentae P incerta P macroptera P lessonii P hasitata P Figure 6 . Bootstrap 50% majority-rule consensus tree derived from a ML analysis. Nonparametric bootstrap support for nodes was estimated using the 'fast' option with 100 heuristic bootstrap replicates implemented in PAUP* 4.0b10. Polytomous nodes indicate that the resolutions of the nodes involved have bootstrap values less than 50. the wings and heavily marked and mottled sides and flanks, which is rarely seen in the Bugio petrel. For these reasons, the two species should perhaps be considered cryptic as suggested by Ratcliffe et al. (2000) .
Conservation impact of these results
According to Friesen et al. (2007a) the estimation or prediction of population differentiation of a species is an important issue for conservation. Molecular analysis of DNA sequences allows the identification of management units and evolutionary significant units that are fundamental in conservation. Modern conservation theory requires the definition of Evolutionary Significant Units (ESU) rather than inferences on fitness and diversity of populations and limits between species (Moritz 1994) . Our data for Bugio and Fogo suggest the existence of two evolutionary significant units.
The major implication for conservation is that the world population of both species will now be reduced, and this may have implications for their regional (and perhaps global) threat status, perhaps leading to greater conservation efforts.
The combined taxon, Fea's Petrel P. feae, sensu lato, is currently listed by BirdLife International as 'Near Threatened' in the 2008 IUCN Red List, approaching the thresholds for 'Vulnerable' under criteria D1 and D2 (BirdLife International 2008 , IUCN 2008 . This is because although its total population size numbers just 3,000 individuals, current population trends are considered stable.
Following Cabral et al. (2005) and Birdlife International (2008) ) and the number of breeding pairs. The status of Cape Verde petrel is poorly known, therefore more studies are needed. The population has been estimated at 500-1,000 pairs, although this must be regarded as an absolute minimum as further colonies probably exist on Fogo and Santo Antão and individuals have also been observed breeding in the central mountain range of Santiago island (Ratcliffe et al. 2000 , BirdLife International 2008 . Without any evidence of declines, the taxon would qualify as 'Near Threatened' under criteria D1 and D2.
The efforts made to conserve these two species are very different. On Bugio the birds and their habitat are well protected and many projects are under way e.g. the Life project SOS Bugio Petrel (LIFE06NAT/PT/000184). On the other hand, in Cape Verde, only a small part of the population benefits from a National Park established at Chão das Caldeiras on Fogo. Our findings underline the importance of promoting and implementing these and other conservation activities, with specific measures to locate the more important colonies, habitat preservation and protection of nesting sites.
